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With  the  deepening  of  carbon  capture  research  using  ammonia  solution,  C02  disposal  problem  after 
carbon  capture  has  become  an  important  limiting  factor  affecting  the  industrial  applications  of  carbon 
capture  technology.  It  can  be  seen  that  C02  not  only  controls  as  a  greenhouse  gas,  but  also  it  is  a  valuable 
carbon  resource  at  the  same  time,  C02  resource  recycling  has  a  very  good  market  prospects  in  near 
future.  Two  viable  paths  for  C02  resource  utilization  based  on  carbon  capture  using  ammonia  solution 
are  divided  in  the  paper.  One  path  is  regenerative  resource  utilization,  i.e.,  rich  liquid  regenerates  after 
the  decarbonization  reaction;  the  desorbed  C02  is  sequestrated  under  geological  layer  or  reused  in  other 
fields.  Another  path  is  transformed  resource  utilization;  flue  gas  decarbonization  combines  with 
chemical  production,  and  the  ingredients  produced  from  the  reaction  of  ammonia  with  C02  are 
transformed,  carbon  is  fixed  into  nitrogen  fertilizer  or  other  chemical  products,  such  as  soda.  The 
existing  problems  and  the  economic  performance  of  C02  resource  utilization  in  power  plants  were 
reviewed  in  the  paper.  C02  resource  utilization  based  on  carbon  capture  using  ammonia  solution  is 
beneficial  to  the  carbon  emission  reduction  in  coal-fired  power  plants;  especially  transformed  resource 
utilization  has  economic  advantage  and  good  application  prospects. 
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I.  Introduction 

Shaun  et  al.  from  U.S.  published  a  research  report  in  Science, 
said  that  over  the  past  decade,  the  average  global  temperature  was 
higher  than  that  of  more  than  80%  particular  years  in  the  past 

II, 300  years.  Over  the  last  100  years  or  so,  the  temperature 
increased  significantly,  which  was  consistent  with  the  increasing 
trend  of  atmospheric  C02  concentration  after  industrial  revolution, 
the  fact  proved  that  global  warming  was  a  result  of  human 
activities  [1  ].  According  to  data  released  by  the  Economic  Coopera¬ 
tion  and  Development  (OECD)  and  the  International  Energy 
Agency  (IEA),  about  10.6  billion  tons  C02  was  discharged  from 
the  existing  power  plants,  accounting  for  40.6%  of  the  total  C02 
emissions  worldwide,  among  these  coal-fired  power  plants  C02  of 
7.6  billion  tons  was  emitted,  accounting  for  72%  of  the  total 
emissions  in  the  power  generation  industry  [2].  For  example,  coal 
accounted  for  more  than  65%  of  the  primary  energy  production 
and  consumption  in  China,  C02  emissions  from  thermal  power 
plants  kept  at  about  60%  of  the  total  emissions  [3,4].  Therefore, 
Carbon  Capture  Utilization  and  Sequestration  (CCUS)  for  the 
power  plants  is  more  feasible  measure  to  slow  down  C02  emission 
in  the  near  future  [5  . 

Flue  gas  post-combustion  C02  capture  in  coal-fired  power  plants 
consists  of  absorption,  adsorption,  membrane  separation,  chilling 
ammonia,  etc.  Considered  with  C02  in  flue  gas  with  low  partial 
pressure,  huge  gas  flow  rate  as  well  as  complex  co-existing  compo¬ 
nents  in  flue  gas,  the  chemical  absorption  method  is  a  more 
appropriate  choice  compared  with  other  methods  [6  .  In  the  chemi¬ 
cal  absorption  method,  the  most  serious  concern  is  alcohol  amine 
method,  in  which  monoethanolamine  (MEA)  is  used  most  exten¬ 
sively,  but  its  C02  absorption  efficiency  is  not  high,  the  regeneration 
product  is  only  C02,  and  due  to  oxidation,  thermal  degradation, 
irreversible  reactions  and  heat  evaporation  causes  the  loss  of 
absorbing  capacity,  degradation  products  from  rich  C02  absorption 
solution  (referred  to  as  the  rich  liquid)  cause  system  corrosion, 
furthermore,  energy  consumption  in  generation  process,  the  initial 
investment  and  the  operation  cost  are  all  high  [7  .  In  order  to  solve 
these  problems,  in  recent  years,  researchers  have  proposed  carbon 
capture  using  ammonia  solution  to  replace  the  traditional  MEA 
absorption  7,8  .  Then,  the  technical  and  economic  feasibilities  on 
C02  removal  using  ammonia  solution  have  been  explored  by  many 
researchers  and  research  institutions,  the  results  indicate  that  mini¬ 
mizing  the  decrease  of  power  plant  production  efficiency  can  be 
achieved  through  the  multi-pollutants  control  in  power  plants  using 
ammonia  solution  9]. 

With  the  in-depth  research,  researchers  realized  that  C02  was  a 
valuable  carbon  resource,  the  possibility  of  its  resource  recycling 
should  be  considered  simultaneously,  therefore  carbon  capture 
using  ammonia  method  should  think  over  not  only  the  reduction 
of  C02  emission,  but  also  the  dispose  of  C02  after  decarbonization 
[10].  Two  feasible  resource  path  based  on  C02  capture  using 


ammonia  solution  (ammonia  decarbonization)  were  divided  in 
the  paper,  as  shown  in  Fig.  1.  One  path  is  regenerative  resource 
utilization:  the  rich  liquid  is  regenerated  after  decarbonization, 
regeneration  method  consists  of  conventional  heating  regenera¬ 
tion  and  regeneration  through  ion  exchange  resin  [8,11-16  ,  then 
the  desorbed  C02  is  sequestrated  or  used  in  other  fields;  another 
path  is  transformed  resource  utilization  which  combines  the  flue 
gas  decarbonization  with  chemical  production,  the  products  after 
the  C02  capture  using  ammonia  solutions  transform  and  fix  into 
nitrogen  fertilizer  or  other  chemicals  [17-20]. 

In  view  of  the  results  of  previous  studies,  a  review  about  the 
paths  of  C02  resource  utilization  based  on  C02  capture  using 
ammonia  solution  was  carried  out,  related  mechanisms,  applica¬ 
tion  prospect  and  economic  aspect  were  investigated,  existing 
problems  and  further  development  direction  were  also  given,  and 
the  research  could  provide  valuable  contribution  to  the  future 
development  of  carbon  emission  reduction. 


2.  The  paths  of  C02  resource  utilization 

2.2.  C02  capture  using  ammonia  solution 

2.1.1.  Mechanism  and  progress  of  CO 2  capture  using  ammonia 
solution 

C02  capture  using  ammonia  solution  could  be  traced  back  to 
1997,  Bai  et  al.  [8]  used  ammonia  solution  to  capture  C02  from  flue 
gas  in  power  plants,  and  the  studies  on  factors  affecting  C02 
removal  efficiency  and  absorption  capacity  were  carried  out  in  a 
semi-continuous  bubbling  absorption  device  [21  .  Since  then,  the 
bubbling  reactor,  stirred  tank,  packed  tower,  sieve  column,  over¬ 
weight  bed  and  other  equipment  were  applied  for  studying  the 
C02  capture  using  ammonia  solution,  many  relevant  lab  data  were 
obtained  [15,22-29];  in  addition,  Aspen  Plus  software  was  used 
to  simulate  and  evaluate  the  technical  and  economic  feasibility  of 
flue  gas  C02  capture  using  ammonia  solution  in  power  plants 
[17,30,31  ,  the  results  could  improve  the  design  of  the  carbon 
capture  process.  With  further  researches,  C02  capture  using 
ammonia  solution  attracted  more  and  more  attention,  experimen¬ 
tal  study  of  ammonia  carbon  capture  was  carried  out,  and  the 
results  of  infrared  spectroscopy  showed  that  the  main  content  of 
solution  was  NH4HC03  [24,32].  According  to  recent  researches,  for 
the  solubility  limit  of  NH4HC03,  the  regeneration  ammonia  dec¬ 
arbonization  technology  without  crystal  in  low  concentration 
condition  should  apply  ammonia  solution  with  concentration  less 
than  2  mol/L,  and  with  the  mass  fraction  of  2%,  removal  efficiency 
of  C02  could  be  more  than  90%  [33,34].  But  the  high  concentration 
ammonia  solution  can  lead  to  ammonia  escape  and  crystallization 
causing  clog,  which  must  be  solved  towards  the  industrial  applica¬ 
tion  while  the  crystal  is  the  base  of  regenerative  resource  utiliza¬ 
tion  and  transformed  resource  utilization  [35,36]. 
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Fig.  1.  Two  feasible  resource  paths  based  C02  capture  using  ammonia  solution  in  power  plants. 
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C02  capture  using  ammonia  solution  accomplishes  through 
reversible  chemical  reaction.  Referred  to  the  two-film  theory, 
liquid  film  constitutes  the  predominant  mass  transfer  resistance 
[24],  so  the  key  to  improve  absorption  is  the  liquid  film  resistance. 


The  main  reaction  mechanism  is  as  follows: 

NH3+  H20  +  C02^NH4HC03  (1) 

Actual  reaction  process  is  more  complex  with  a  series  of 
intermediate  stages.  The  reactions  are  as  follows: 

C02  +  NH3  <->  NH2  COOH  (2) 

NH2  COOH  +  NH3  NH2  COONH4  (3) 

Hydrolysis  of  NH2COONH4: 

NH2COONH4+  H20^NH4HC03  +  NH3  (4) 

NH4C03  is  generated  by  absorbing  C02: 

NH2COONH4+  H20  +  C02  <-►  2NH4HC03  (5) 

At  the  same  time,  NH40H  is  generated: 

NH3+  H2O^NH4OH  (6) 

(NH4)2C03  can  be  generated  by  reversible  reaction  of  NH4HC03 
and  NH40H: 

NH4HC03  +  NH4OH  <-►  (NH4)2C03  +  H20  (7) 

The  formation  of  ammonium  carbamate  (2)  and  (3)  are  sec¬ 


ondary,  rapid  and  irreversible  reactions  [37,38],  which  primarily 
occur  in  the  liquid  film;  the  hydrolysis  of  ammonium  carbamate 
(4)  is  a  relatedly  slow  reaction  [39].  During  the  ammonia  dec¬ 
arbonization,  molecules  of  C02,  H20,  NH3-,02,  H2C03,  etc.  and  ions 
of  NH4  ,  H+,  OH“,  NH2COO“,  HCOJ,  CO§“,  etc.  may  exist  in  the 
solution  [40,41  .Among  these  ions,  it  is  notable  that  the  content 
of  C03“  is  always  much  less  than  that  of  NH2COO“,  HCOT  [42]. 
Therefore  majority  of  desorption  studies  were  based  on  NH2COO~ 
and  HCOT.  In  process  the  concentration  of  production  varies 
with  reactant  and  the  carbonization:  carbonates  orbicarbonates 
in  dilute  aqueous  ammonia;  carbamate  in  concentrated  aqueous 
ammonia  [43].  After  decarbonization  the  concentration  of  ammo¬ 
nia  solution  decreases,  so  NH4HC03  is  mainly  formed,  which 
produces  two  utilization  paths  of  regeneration  and  transformation. 

2.2.2.  The  existed  problem  of  ammonia  de carbonization 

For  ammonia  decarbonization,  most  researches  were  aimed  at 
non-continuous,  microscopic  mechanism,  the  researches  for 
macro  kinetics  of  the  reactor  design  and  related  practical  mathe¬ 
matical  model  were  few  while  they  were  essential  for  the  actual 
design,  materials  measure  and  materials  balance  collapse  caused 
by  ammonia  escape  are  the  main  reasons  [44-47].  In  addition,  due 
to  the  high  saturated  vapor  pressure  and  the  fast  evaporation  rate, 
ammonia  escape  is  an  important  technical  issue,  which  caused 
secondary  pollution,  corrosion  and  materials  loss  which  brake  the 
material  balance  while  there  are  no  effective  methods  to  recover 
ammonia  in  the  lab  [48,49  .  The  common  solutions  are  multi-stage 
washing  device  installed  at  the  top  of  the  absorber  and  additional 
washing  tower  to  remove  escaping  ammonia,  but  these  methods 
also  affected  the  water  balance  and  energy  consumption  in  the 
process  [50].  Some  lab  researches  were  done  to  control  the 
ammonia  escape  in  a  certain  range,  ions  and  organism  were  added 
into  ammonia  solution  to  control  free  ammonia,  but  there  were 
few  studies  in  industrial  scale  and  conditions  [51-57].  At  present 
SCR/SNCR  using  ammonia  and  the  ammonia  desulfurization  in 
power  plants  are  applied  [58,59  .Meanwhile  ammonia  solution 
can  be  used  for  C02  capture,  therefore  ammonia  can  be  used  for 
the  removals  of  S02,  NOx,  and  C02,  but  the  ammonia  escape  also 
occurs  in  denitration  and  desulfurization  with  ammonia  solution. 


2.2.  Regenerative  resource  utilization 

2.2 A.  Mechanism  and  progress  of  regenerative  resource  utilization 

The  path  is  made  up  of  two  parts,  desorption  and  C02  resource 
utilization,  where  the  product  is  industrial  C02.  The  core  is 
desorption  of  NH4HC03  generated  by  ammonia  decarbonization, 
the  main  reactions  are  shown  as  follows: 

NH4HC03  is  decomposed  by  heating: 

NH4  HC03  4  NH3  +  H2  O  +  C02 1  (8) 

The  mixed  gas  containing  C02  and  NH3  is  separated  by  water 
washing: 

NH3(g)+  C02(g)w^e'NH3(l)+  C02(g)  (9) 

After  decarbonization  the  absorbing  liquid  is  heated  in  the 
regeneration  tower  (8),  then  the  mixed  gas  containing  C02  and 
volatile  ammonia  is  separated  (9).  NH3  is  recycled  for  ammonia 
decarbonization,  C02  is  disposed  such  as  sequestration  or  sale.  It  is 
the  perfect  theoretical  cycle  with  no  ammonia  loss  while  ammonia 
escape  problem  is  serious  in  practice. 

The  researches  for  regeneration  mainly  focused  on  desorption  of 
solution  containing  NH4HC03  and  (NH4)2C03  [8,27,29].  For  traditional 
thermal  regeneration,  semi-continuous  heating  test  was  carried  out  in 
the  solution  containing  NH4HC03  and  (NH4)2C03,  results  showed  that, 
with  the  increasing  concentration  of  HCOT  and  the  increasing 
regeneration  temperature,  desorption  rate  of  C02  increased,  which 
was  beneficial  to  the  cycle  of  regeneration  18,22,60,61  .  But  higher  the 
temperature,  higher  the  heating  and  separation  energy  consumption, 
which  must  be  considered  in  practice. 

Based  on  the  Electro-Catalytic  Oxidation  (ECO),  the  EC02 
technology  removing  C02  combined  with  desulfurization  and 
denitrification,  as  shown  in  Fig.  2(a),  developed  by  the  Powerspan 
Ltd.  US,  uses  the  ammonia  solution  to  absorb  C02.  C02  removal 
efficiency  can  be  reach  to  90%  at  the  temperature  of  54  °C  and 
reaction  time  of  4-5  s.  Then  the  rich  liquid  is  regenerated  and 
utilized.  Its  material  transformation  is  shown  in  Fig.  2(b)  where 
only  ammonia  solution  is  inputted  as  raw  material,  the  energy  is 
mainly  inputted  in  regeneration  of  ammonia  solution  and  separa¬ 
tion  of  C02.  The  relevant  demonstration  projects  of  20  t  C02/d  was 
built  at  First  Energy's  R.E.  Burger  Plant,  USA,  and  operated  in  2008, 
the  process  performance  and  the  economic  status  were  evaluated. 
The  evaluation  showed  that  the  technology  had  good  environ¬ 
mental  and  economic  benefits  [29,62].  EC02  technology  is  a  typical 
regeneration  path,  after  C02  adsorption,  the  rich  liquid  is  pumped 
to  the  heat  exchanger  (exchange  between  rich  liquid  and  poor 
liquid),  then  to  the  regeneration  tower  to  separate  C02  and 
regenerate  ammonia  solution  used  to  next  cycling.  But  the 
ammonia  escape  is  still  not  solved  and  because  of  the  technolo¬ 
gical  problem  and  system  stability,  it  is  still  a  long  distance 
towards  wide  application. 

2.2.2.  Applications  and  existing  problems  of  regenerative  resource 
utilization 

According  to  theoretical  analysis  and  system  simulation,  energy 
consumption  of  C02  capture  using  ammonia  solution  was 
expected  to  be  about  40%  of  MEA  method,  and  by  heat  integrated 
management  about  extra  25%  of  the  energy  consumption  could  be 
saved,  and  the  energy  consumption  of  C02  capture  using  ammonia 
solution  was  estimated  to  be  0.04-0.09  MW  h/t  C02  [9,22,63]. 
In  accordance  with  the  researches,  the  energy  consumption  of 
MEA  method  was  0.19-0.38  MW  h/t  C02,  equivalent  to  20-30%  of 
the  typical  units  output;  the  energy  consumption  for  thermal 
regeneration  of  C02  accounted  for  50%  of  all,  which  was  much 
higher  than  that  of  ammonia  decarbonization  [29].  Whether 
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Fig.  2.  The  process  and  material  transformation  of  EC02. 
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Fig.  3.  Relationship  of  regenerative  C02  resource  utilization  and  traditional  industrial  C02  utilization. 


ammonia  or  MEA,  the  cost  of  carbon  capture  is  too  huge  for  power 
plants  at  present  without  policy  supports. 

The  industrial  C02,  purity  of  99.9%,  which  is  used  for  food 
industry,  chemical  industry,  machine  industry,  etc.,  can  be  pro¬ 
duced  by  the  EC02,  and  it  provides  an  impressive  revenue  for 
enterprises  [28,64-66].  Utilization  through  the  market  is  one  of 
main  ways  of  C02  resource  utilization,  but  the  market  saturation  of 
C02  will  come  true  in  the  future,  therefore  the  rest  C02  need  to 
find  disposal  methods  such  as  biological  technology,  sequestration, 
etc.  Among  sequestration  technologies,  the  geological  sequestra¬ 
tion  attracts  the  most  attention,  secondly  the  ocean  sequestration, 
etc.  [67-69  .  Compared  with  other  sequestration  technologies, 
geological  sequestration  is  the  most  feasible  in  aspects  of  economy 
and  environment.  EOR  (Enhanced  oil  recovery  technology)  and 
EGR  (Extreme  pressure  gas  recovery  technology)  are  not  only 
profitable,  but  also  environment  friendly  in  theory,  and  therefore 
more  and  more  emphasis  is  put  on  them  70,71].  According  to  the 
studies,  geological  sequestration  have  a  huge  potential  capacity,  in 
China  the  capacity  is  expected  to  reach  more  than  2000  Gt  C02, 
while  there  are  many  difficulties  in  its  application,  mainly  the 
investment  and  low  profit  [72-74  . 

The  designed  relationship  of  regenerative  C02  resource  utiliza¬ 
tion  and  traditional  industrial  C02  utilization  is  shown  in  Fig.  3. 
Power  generation  and  production  of  bottled  C02  are  accomplished 
in  the  power  plants  in  the  same  time,  and  the  bottled  C02  is 
provided  for  industry  to  achieve  the  utilization  of  C02  while 
traditional  industrial  C02  utilization  mainly  relied  on  gasification 
plants  [75  .  Theoretically  apart  from  C02  production  from  gasifica¬ 
tion  plants  are  replaced  by  C02  recycled  in  power  plants,  therefore, 


C02  emission  from  human  activities  and  exploitation  of  fossil  fuel 
has  reduced;  and  without  the  power  transportation  from  power 
plants  to  gasification  plants,  the  line  loss  can  be  reduced  and  the 
efficiency  can  be  improved,  which  are  important  for  enterprises. 
This  is  a  possibility  based  on  the  developed  transformed  technol¬ 
ogy  in  the  power  plants. 

As  for  the  entire  regenerative  C02  resource  utilization,  alkali¬ 
nity  of  absorbent  after  thermal  regeneration  becomes  weaker,  so 
some  methods  are  essential  to  improve  the  efficiency  of  cycling 
decarbonization  and  regeneration  ratio  of  ammonia.  After  the  C02 
regeneration,  geological  sequestration  of  C02  faces  many  pro¬ 
blems,  such  as  low  reliability,  high  investment,  and  high  energy 
consumption  [71,76-79].  Compared  with  huge  C02  discharge  from 
power  plants,  the  reduction  of  C02  can  hardly  be  achieved  through 
the  regenerative  resource  utilization  or  transformed  resource 
utilization,  and  finally  it  still  needs  the  sequestration  technology. 
But  the  sequestration  is  limited  by  existing  problems,  low  eco¬ 
nomic  compensatory,  environmental  risks,  etc.,  for  example, 
monitoring  data  of  Salah  C02  sequestration  project  showed  that 
annual  rising  height  of  land  surface  reached  5  mm  [80,81  .  The 
promotion  of  sequestration  technology  faces  many  obstructions 
and  controversies,  therein  the  potential  risk  of  leakage  cannot  be 
ignored  [82-84]. 

2.3.  Transformed  resource  utilization 

2.3 A.  Mechanism  and  progress  of  transformed  resource  utilization 

Relevant  literatures  showed  that  the  idea  of  decarbonization  in 
the  flue  gas  using  ammonia  solution  was  derived  from  the  process, 
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which  produced  ammonium  bicarbonate  with  the  Haber  process, 
put  forward  by  Hou  [85,86]  in  China,  1958.  Chemical  production 
after  C02  capture  using  ammonia  solution  is  a  C02  resource 
utilization  combined  with  the  Hou's  process  for  soda  production, 
and  the  core  of  the  transformed  resource  utilization  is  the 
chemical  production.  But  because  of  differences  in  conditions  such 
as  high  flow  rate  and  high  temperature,  flue  gas  containing  a  large 
number  of  inert  gas  N2,  as  well  as  02,  S02,  NOx,  heavy  metals,  and 
particulate  matter,  C02  capture  using  ammonia  solution  in  power 
plants  is  different  with  traditional  methods.  Many  studies  of 
decarbonization  using  ammonia  solution  were  carried  out  [87]. 
Liu  et  al.  [23]and  Zhang  et  al.  [29]  recommended  the  ammonia 
concentration  of  10%  for  carbon  capture  considering  operation  cost 
and  secondary  pollution;  Yeh  et  al.  [21  recommended  the  ammo¬ 
nia  concentration  of  28%  as  C02  absorbent  through  experimental 
studies;  considered  from  the  industrial  application  of  pressing 
decarbonization,  Corti  et  al  17]  came  up  with  the  ammonia 
concentration  of  3.4%;  according  to  the  related  researches,  in  the 
continuous  decarbonization  process,  while  the  increasing  concen¬ 
tration  of  C02  could  improve  the  removal  efficiency,  the  ammonia 
escape  should  be  emphasized[27,28,87];  related  researches  about 
temperature  showed  that  the  reaction  temperature  is  generally  in 
10-40  °C,  but  the  practical  temperature  should  be  decided  based 
on  tower  type,  costs  and  heat  exchange  capacity  [21,27,28]; 
Operation  conditions  of  ordinary  pressure  have  been  proposed 
by  researchers  to  apply  in  the  production  of  ammonium  bicarbo¬ 
nate,  which  is  beneficial  to  the  energy  consumption  [88  . 

In  according  to  the  existing  instance  and  studies,  byproduct 
could  be  obtained  based  on  the  absorption  process  in  the  low 
concentration  of  C02,  i.e.  chemical  production  of  substance  after 
decarbonization  where  C02  was  transformed  into  chemicals  [89]. 
What  is  different  from  regeneration  path  through  MEA?  Trans¬ 
formed  path  through  ammonia  method  can  derive  different 
chemical  products  to  the  fixed  C02  with  the  reaction  production 
NH4HCO3. 

Theoretically  there  are  a  lot  of  possible  transformed  path  with 
NH4HCO3  solution  after  ammonia  decarbonization,  related  reac¬ 
tions  are  as  follows: 

NaCl  +  NH4HC03l0W  te^ratUreNaHC03|  +  NH4Cl  (10) 

2NaHC03high  te^.eratUreNa2C03  +  H20  +  C021  (11) 

In  addition,  after  the  appropriate  amount  of  ammonia  is 
injected  to  the  NH4HC03  solution,  urea  can  be  produced  with 
heating  and  at  elevated  pressure: 

«...  . . high  temperature  and  pressure  _ _  _ 

NH3  +  NH4HCO3  — >  (NH2)2CO  +  2H20  (12) 

So  long  as  the  absorption  of  C02  in  the  low  concentration  is  not 
solved,  the  next  step  of  alkali  process  cannot  come  true.  But  in  the 
researches  of  C02  capture  using  ammonia  solution  at  present,  C02 
could  be  absorbed  in  the  low  concentration  and  the  liquid 
containing  NH4HC03  could  be  obtained.  Learned  from  the  Hou's 
process  [43]  for  soda  production,  NaCl  was  added  into  carbonation 
solution,  and  the  substance  could  be  separated  based  on  the 
difference  of  solubility.  After  centrifugation,  filtration,  and  drying, 
NaHC03  could  be  obtained  according  to  Eq.  (10),  and  Na2C03  could 
be  obtained  by  heating  decomposition  of  NaHC03  from  Eq.  (11). 

Such  transformed  processes  is  applied  widely  in  chemical 
plants  using  Solvay  process,  but  the  researches  based  on  the  low 
concentration  C02  in  power  plant  were  absent,  and  most  of  them 
were  focussed  on  the  theoritical  researches  [90].  Related  experi¬ 
mental  studies  were  mainly  carried  out  in  chemical  plants,  Liao  et 
al.  91]  studied  with  dry  salt  phase  diagram  (shown  in  Fig.  4),  and 
details  listed  as  follows: 


NaHC03  NH4HCO3 


Fig.  4.  Dry  salt  phase  diagram. 


NH3,  r/% 

Fig.  5.  NH3-C02-H20  ternary  liquid-solid  equilibrium  phase  diagram. 

1 )  The  mother  liquor  is  heated  to  32  °C  to  separate  out  NaHC03 
(the  equilibrium  point  Pi  (32),  namely  point  M); 

2)  NaClis  added  into  the  mother  liquor,  the  equilibrium  point 
move  to  P2  (32),  namely  R,  where  is  the  NH4C1  phase  area; 

3)  The  mother  liquor  is  cooled  to  10  °C  to  separate  out  NH4C1  (the 
equilibrium  point  P2  (10),  namely  point  N); 

4)  The  mother  liquor  is  heated  to  32  °C  to  move  the  equilibrium 
point  to  Q,  and  then  NaHC03  is  added  into  the  mother  liquor  to 
move  the  equilibrium  point  to  M. 

Liao  et  al.  [91  considered  that  the  cycle  of  MRNQM  in  Fig.  4  can 
be  used  to  achieve  the  reaction  (10)  and  it  is  possible  to  produce 
NaHC03  and  Na2C03  with  the  mother  liquor  containing  NH4HCO3 
after  ammonia  decarbonization.  The  cycle  is  common  in  chemical 
plants  while  it  provided  a  possible  way  for  transformed  utilization 
of  carbon  capture  using  ammonia  solution.  The  waste  heat  of 
plants  is  used  for  heating  and  pressing,  while  the  cooling  process 
in  the  cycle  can  be  a  problem  related  electric  power  requirement. 

Some  researchers  raised  an  idea  to  produce  NH4HCO3  by  using 
ammonia  to  capture  C02  from  flue  gas,  then  NH4HCO3  was  used  as 
fertilizer  to  fix  C02  in  the  soil  [26,19].  This  is  not  only  a  path  of 
C02  resource  utilization  from  flue  gas,  but  also  a  method  with 
economic  benefits.  Based  on  Janecke's  research,  thermodynamic 
analysis  was  carried  out  by  Shen  et  al.  [92]  based  on  NH3-C02- 
H20  ternary-liquid-solid  equilibrium  phase  diagram  (shown  in 
Fig.  5).  The  material  points  F t  and  F2  are  located  in  the  NH4HCO3 
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Fig.  6.  The  process  of  transformed  C02  resource  utilization. 


phase  area,  then  the  reactor  is  cooled  and  NH4HC03  solid  can  be 
obtained.  Material  point  F3  is  located  in  the  NH2COONH4  phase 
area,  only  the  solid  ammonium  salt  can  be  obtained  by  cooling. 
Therefore,  in  order  to  produce  NH4HC03  the  total  material  point 
(referring  to  the  matching  of  NH3,  C02,  and  H20)  must  be  set  in  the 
NH4HC03  phase  area,  such  as  Ft  or  F2.  Though  these  material 
points  could  be  achieved  in  chemical  plants  easily,  when  the 
method  is  used  in  power  plants  the  control  of  the  materials  in  the 
solution  after  ammonia  decarbonization  would  be  very  necessary. 

As  seen  in  Fig.  5,  in  order  to  obtain  the  pure  crystallization  of 
NH4HC03,  the  carbonation  process  must  be  operated  without  the 
(NH4)2C03  •  H20  phase  area  (the  left  of  line  AE,  such  as  points  Fi). 
For  example  line  QA,  started  at  point  Q  and  the  carbonation 
process  is  operated  along  with  line  QA,  from  Q  to  A  related  the 
saturation  process  of  C02  in  solution,  finally  NH4HC03  is  separated 
out.  When  the  raw  materials  point  is  located  in  the  right  of  line  AE 
with  the  too  high  NH3  concentration  (F2),  other  salt  appeared 
during  the  carbonation  process  and  the  product  is  not  pure 
NH4HC03.  As  long  as  the  raw  materials  point  is  set  in  the  certain 
phase  area,  it  is  possible  to  produce  NH4HC03  with  C02  in  flue  gas. 
Related  calculation  was  achieved  by  scholars,  calculation  was 
started  at  w(NH3) «  12.2%  w(C02) «  10.96%  and  result,  total  com¬ 
position  point,  was  located  in  NH4HC03  area,  NH4HC03  solid  and 
the  corresponding  suspension  solution  (mother  liquor)  could  be 
obtained  at  20-50  °C  suspension,  which  also  adjusted  to  the 
operating  temperature  of  ammonia  decarbonization  [92].  But  the 
difficulties  are  obvious,  the  cool  system  and  accurate  material 
control  methods  must  be  researched  and  developed  firstly. 

A  method  to  produce  urea  with  ammonium  bicarbonate  solu¬ 
tion  was  disclosed  in  Chinese  patent  [93  .Mother  liquor  containing 
ammonium  bicarbonate  is  used  as  the  raw  material,  and  reaction 
(12)  occured  at  the  temperature  of  100-280  °C,  the  pressure  of 
4.0-25.0  MPa,  the  molar  ratio  of  ammonia  to  carbonate  ammo¬ 
nium  hydrogen  of  1-10,  the  molar  ratio  of  water  to  ammonium 
bicarbonate  of  0-15,  the  reaction  time  of  0.5-2  h.  But  the  method 
is  mainly  applied  on  nitrogenous  fertilizer  plants.  When  the 
related  method  is  applied  in  coal-fired  power  plant,  the  purchase 
of  C02  is  leaved  out  while  some  adaptive  improvements,  such  as 
the  control  of  NH4HC03  concentration  in  the  mother  liquor, 
reduction  the  reaction  time,  were  needed. 


2.3.2.  Application  and  existing  problems  of  transformed  resource 
utilization 

The  carbonate  and  bicarbonate  production  after  C02  capture 
have  been  studied,  but  lack  of  studies  related  the  derivate  [94]. 
Although  the  transformed  C02  resource  utilization  is  different 


from  other  carbonation  production  in  the  process,  their  goals  were 
the  same.  Transformed  C02  resource  utilization  is  shown  briefly  in 
Fig.  6,  after  the  C02  capture  using  ammonia  solution  NH4HC03 
solution  enters  the  process  to  produce  alkali,  urea  and  ammonium 
bicarbonate,  and  the  products  are  NaHC03,  Na2C03,  NH4C1,  CO 
(NF12)2,  NH4HC03  respectively.  The  by-products,  NH4F1C03,  CO 
(NH2)2  and  NH4C1,  are  available  as  the  agricultural  fertilizers  with 
certain  economic  benefits  [19  . 

As  seen  in  Fig.  6,  the  productions  are  consumed  by  agriculture 
and  industry  eventually.  With  biological  sequestration  in  agricul¬ 
ture,  carbon  is  absorbed  and  utilized  by  plants  and  converted  into 
organic  matter;  a  part  of  the  industrial  market  capacity  is  replaced 
by  the  production  of  NaHC03,  Na2C03  from  C02  utilization  in 
power  plants,  in  other  words  it  can  reduce  the  C02  emission  from 
fossil  energy  and  carbon-containing  minerals.  Considered  as  the 
raw  materials,  the  liquor  containing  of  NH4HC03  have  more 
available  derivatives  than  solution  from  carbon  capture  using 
MEA.  Compared  to  regeneration  utilization,  transformed  resource 
utilization  using  ammonia  solution  is  lack  of  related  study  because 
majority  of  carbon  capture  focused  only  one  part  of  carbon  capture 
system  or  insulated  itself  from  other  industry. 

But  before  its  application,  there  are  many  unsolved  problems  to 
be  researched  and  solved.  The  application  of  chemical  production 
in  the  power  plant  is  influenced  by  many  factors  which  are  lack  of 
development  such  as  the  reaction  condition,  mechanism,  kinetics, 
energy  consumption,  etc.  [86  .  The  advantage  of  energy  consump¬ 
tion  is  the  key  to  the  application  of  chemical  production  in 
the  power  plants,  but  researches  in  this  area  are  rarely  done. 
And  the  performance  of  utilization  production  also  needed  to  meet 
the  market  requirements  in  order  to  be  accepted  by  the  market,  it 
is  very  important  to  research  it  associated  with  market  economy. 


3.  Economic  analysis  of  C02  resource  utilization  in  power 
plants 

Compared  with  the  global  C02  emission  from  human  activities, 
the  demand  amount  of  C02  in  the  social  production  is  much 
smaller  2,94],  therefore  the  utilization  of  carbon  reduction  in  its 
infancy  ought  to  be  considered  and  achieved  firstly,  and  then  the 
C02  sequestration.  As  a  path  of  C02  resource  utilization  with 
economic  attractiveness  combining  the  carbon  capture  with  prof¬ 
itable  production,  it  is  most  likely  to  achieve  the  best  economic 
goal.  More  importantly  the  best  economic  balance  between  the 
carbon  emissions  and  carbon  capture  could  be  achieved,  while 
the  pure  carbon  capture  is  questionable  to  be  verified  not  only  on 
the  economic  but  also  on  environmental  performance  [71  . 
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Fig.  7  shows  the  different  types  of  500  MW  power  plant  in 
amine  absorption  technology  for  power  generation  and  abatement 
costs  of  C02  capture  [95].  For  the  widely  used  supercritical  and 
ultra-supercritical  unites,  the  cost  of  C02  reduction  accounts  for  a 
large  part  of  the  total  cost,  it  is  as  the  same  as  that  of  ammonia 
solution.  The  main  problems  of  flue  gas  decarbonization  technol¬ 
ogy  are  high  energy  consumption  of  C02  capture  process  and 
utilization  of  a  large  amount  of  C02  captured  [96  .  After  improve¬ 
ment  of  process  and  solvent,  the  energy  consumption  of  MEA 
method  is  estimated  to  be  0.19-0.28  MW  h/t,  equivalent  to  20-30% 
of  the  typical  plants  output  while  it  is  unacceptable  for  plants  at 
present  [46  .  After  ammonia  decarbonization,  the  solution  con¬ 
tained  a  large  number  of  NH4HC03  will  be  decomposed  thermally 
into  ammonia  and  C02,  the  ammonia  and  the  C02  will  be  recycled 
and  collected  separately.  From  the  perspective  of  energy  con¬ 
sumption,  NH4HCO3  can  be  decomposed  when  heated  to  60  °C 
while  the  MEA  needs  to  be  heated  to  120  °C  [97],  therefore  the 
energy  consumption  of  the  ammonia  regeneration  is  expected  to 
be  lower  than  that  of  MEA,  in  other  words,  C02  capture  using 
ammonia  solution  has  advantages  in  economy.  But  in  practice,  the 
cost  depended  on  many  factors  of  system,  there  is  no  precise 
comparison  at  present.  In  the  recent  years,  the  SCR  (selective 
catalytic  reduction)  /SNCR  (selective  non-catalytic  reduction)  and 
the  ammonia  desulfurization  were  applied  [98,99],  usage  of 
ammonia  as  the  common  substance  which  also  is  applied  in 
ammonia  decarbonization  could  simplify  the  design,  operation 
and  maintenance,  meanwhile  a  lot  of  running  and  management 
costs  could  be  saved  theoretically.  Probably  usage  of  ammonia  as 
the  common  substance  for  removing  multiple  pollutions  will  be  a 
direction. 

Considered  with  the  perspective  of  C02  utilization,  the  quantity 
demand  of  C02  in  these  fields  is  limited,  such  as  chemical  raw 
materials,  food  additives  and  secondary  oil  exploitation  [100-104]. 
According  to  recent  research,  the  current  annual  consumption  of 
pure  C02  is  about  200  Mt/year,  but  compared  to  the  total  C02 


emissions  from  global  power  plants  it  seems  too  small  [2,105],  as 
shown  in  Fig.  8. 

Fig.  8,  the  market  has  no  ability  to  consume  such  huge  amount 
of  C02  discharged  from  the  coal  industry  at  present,  so  the 
sequestration  technology  is  essential  for  the  disposal  of  excessive 
C02  [106,107  .  According  to  the  data,  the  cost  of  geological 
sequestration  is  about  0.5-5  U.S.$/t  C02,  the  cost  of  marine 
geological  sequestration  is  about  6-12  U.S.$/t  C02,  the  cost  of 
pipeline  transportation  is  approximately  1-8  U.S.$/t  C02,  the  mon¬ 
itoring  costs  0.05-0.1  U.S.$/t  C02  [108,109],  while  the  possibility  of 
cost  reduction  is  unlikely.  Except  sequestration  methods  such  as 
EOR,  EGR,  etc.,  there  are  few  profitable  sequestration  methods. 
And  there  are  few  sequestration  locations  appropriated  for  power 
plants,  which  also  brought  additional  pressure  to  the  application 
of  CCS  in  near  future  [110,111  .  Even  so,  in  the  future  sequestration 
technology  still  need  to  or  must  be  developed  to  deal  with  the 
excessive  C02,  and  the  profitable  C02  resource  utilization  will  lay  a 
foundation  for  the  extend  of  CCS. 

Considered  with  direct  injection  into  the  ground  for  permanent 
sequestration  currently  which  is  expensive  and  lacking  policy 
supports,  many  people  concern  about  energy  and  climate  have 
turned  to  studying  utilization  of  C02  [75,77  .  For  the  companies 
which  want  to  apply  C02  emission  reduction  as  an  environmental 
protection  technology  with  its  high  investment  and  low  profits, 
optimizing  the  process  to  reduce  the  cost  and  increase  the 
economic  compensation  as  much  as  possibleto  make  up  for  the 
huge  investment  is  very  important.  Although  the  social  appeal  of 
carbon  emission  reduction  is  high,  power  enterprises  in  the 
market  economic  environment  rarely  apply  it,  because  their 
decision-making  is  based  on  economic  efficiency  of  the  technology 
while  the  technology  lead  to  the  increasing  cost  of  power  genera¬ 
tion  which  impacts  directly  on  the  enthusiasm  of  the  enterprises 
to  use  carbon  emission  reduction  [112-116].  More  policy  supports 
must  be  studied  and  applied  in  the  start  stage  of  carbon  emission 
reduction. 
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Fig.  7.  The  costs  of  power  generation  and  C02  reduction. 
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Fig.  8.  The  expected  emission  and  demand  of  C02. 
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A-Amine  scrubbing  method  (2000); 

B-Advanced  amine  scrubbing  (2005); 

C-State-of-the-art  amine  scrubbing  method  +  joint  removal 
(0-5  years); 

D-Ammonia  absorption  method  (5-10  years); 
E-Amine-enhanced  solid  absorbent  (10-20  years); 
F-Ammonia  absorption  method  +  by-product  sales  (10-30 
years); 

G-Ultra-supercritical  oxy-fuel  combustion  +  Ion  transport 
membrane  (ITM)  (10-30  years); 

H-Ultra-supercritical  oxy-fuel  combustion  +  ITM  +  joint 
removal  (30-40  years). 


According  to  the  forecast  of  the  National  Energy  Technology 
Laboratory  (NETL)  [117],  along  with  the  progress  of  technology,  the 
cost  of  power  generation  using  different  C02  capture  technologies 
will  be  gradually  reduced,  as  shown  in  Fig.  9.  The  data  is  based  on 
non-capture  pulverized  coalpower  plant,  the  cost  of  power  gen¬ 
eration  is  set  to  50  $/(MW  h).  After  10-30  years  the  plants  without 
ultra-supercritical  boiler  will  use  the  technology  combined  ammo¬ 
nia  absorption  method  with  by-product  sales,  the  increasing  rate 
of  power  generation  cost  can  be  reduced  to  19%.  After  30-40  years 
the  plants  with  ultra-supercritical  boilers  will  use  the  technology 
consisted  of  oxy-fuel  combustion,  ITM  and  unite  removal  technol¬ 
ogy,  the  increasing  rate  of  power  generation  cost  can  be  reduced  to 
11%.  For  the  most  of  the  existing  plants  without  ultra-supercritical 
boiler,  the  minimal  increasing  rate  of  power  generation  cost  with 
carbon  emission  reduction  can  be  achieved  by  using  the  technol¬ 
ogy  combined  ammonia  absorption  method  with  by-product  sales 
(such  as  Fig.  9  point  F).  In  theory  the  by-products  of  transformed 
resource  utilization,  such  as  ammonium  bicarbonate,  sodium 


bicarbonate,  sodium  carbonate,  etc.,  can  be  sell.  The  profits  of 
regenerative  resource  utilization  and  MEA  method  mainly  come 
from  the  selling  of  C02  [118-120  .  Therefore,  the  economic 
efficiency  of  transformed  resource  utilization  is  higher  than  that 
of  regenerative  utilization  considered  the  production  value.  But 
more  researches  and  developments  about  transformed  resource 
utilization  should  be  done  firstly,  especially  in  the  transformed 
efficiency  in  power  plants. 


4.  The  prospect  of  C02  resource  utilization 

C02  resource  utilization  can  not  only  reduce  carbon  emissions, 
but  also  generate  an  economic  return  to  compensate  for  the  cost  of 
capture,  the  concept  of  C02  resource  utilization  has  attracted  more 
and  more  attention  [106].  Compared  to  MEA  decarbonization 
technology,  whether  from  the  promotion  feasibility,  or  from  the 
economic  point  of  view,  C02  resource  path  in  power  plants  based 
on  C02  capture  using  ammonia  solution  technology  highlights  its 
advantages.  Flue  gas  C02  disposal  in  power  plants  using  ammonia 
solution  based  on  the  conversion  and  utilization  path  has  good 
prospects,  this  should  be  one  of  the  main  direction  of  development 
for  carbon  capture,  but  also  more  secure,  more  effective  carbon 
sequestration  technologies  must  be  studied  to  cope  with  the 
excess  C02.  With  the  current  study,  the  main  research  direction 
for  flue  gas  C02  resources  in  power  plants  are  summarized,  as 
shown  in  Fig.  10. 

Now,  studies  of  the  reaction  mechanism  and  control  conditions 
have  already  been  started,  the  more  in-depth  direction  should  be 
studied  in  future.  Due  to  capture  in  power  plants  occupies  the 
highest  cost,  so  the  present  work  is  still  concentrated  in  this  part, 
aimed  at  reducing  the  capture  cost  which  is  based  on  the  enough 


Fig.  9.  Costs  of  pulverized  coal  plants  applied  different  C02  reduction  technologies. 


mechanism  researches 


1  .decarbonization  mechanism 
2. regeneration  mechanism 
3. transformation  mechanism 
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3. Equipment  optimization 
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condition  researches 
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Fig.  10.  The  research  direction  of  flue  gas  C02  resource  utilization  expected  in  the  future. 
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fundamental  research.  But  in  the  longer  term,  recycling  and 
conversion  of  these  two  paths  also  need  to  be  started,  and 
technologies  in  the  demonstration  project  should  be  the  actual 
verification  to  improve  optimization  for  the  process  and  equip¬ 
ment  design,  meanwhile  the  optimization  of  the  energy  consump¬ 
tion  also  cannot  be  neglected.  These  problems  in  this  regard  will 
be  solved  through  the  optimization  and  adjustment  in  actual 
plant,  and  related  policy  and  emerging  carbon  trading  market 
should  be  paid  more  attention. 

5.  Conclusions 

(1)  With  the  attention  of  international  community  to  the  problem 
of  C02,  all  over  world  is  facing  severe  C02  emission  reduction 
responsibilities.  At  present,  due  to  the  huge  investment  and 
technical  difficulties,  the  sequestration  technology  of  post¬ 
combustion  carbon  capture  is  difficult  to  applied  widely,  C02 
resource  utilization  is  even  more  appropriate. 

(2)  Compared  with  carbon  transformation  in  the  traditional 
chemical  industry,  power  plant  C02  resource  utilization  is 
influenced  by  many  factors,  such  as  the  change  of  the  reaction 
conditions,  the  change  of  the  reaction  course,  dynamics 
differences  in  the  reactor  etc.  Until  now,  reaction  control 
conditions  and  energy  consumption  are  lack  of  research  in 
each  stage.  The  key  to  the  application  of  the  technology  is  the 
energy  consumption  and  the  consumption  of  raw  materials  in 
the  power  plant  for  C02  conversion  process  which  should  be 
better  than  the  equivalent  levels  in  chemical  plant,  and  the 
transformed  products  also  needs  to  meet  market  required 
performance  and  price  superiority. 

(3)  Two  viable  paths  for  C02  resource  utilization  based  on  carbon 
capture  using  ammonia  method  have  been  divided  in  the 
paper.  One  path  is  regenerative  resource  utilization;  another 
path  is  transformed  resource  utilization.  The  two  paths  can 
effectively  reduce  the  C02  emissions  from  the  power  plant  flue 
gas,  and  can  effectively  use  C02  and  achieve  better  social  and 
economic  benefits.  For  the  enterprises,  gradually  established 
carbon  trading  market,  diversified  products  produced  by 
transforming  resources  path  have  better  market  prospects 
than  pure  C02  gas  utilization  and  storage.  Finally  the  C02 
resource  utilization  based  on  carbon  capture  using  the  ammo¬ 
nia  method  is  pointed  out  of  beneficial  to  the  carbon  emission 
reduction  in  coal-fired  power  plants;  especially  transformed 
resource  utilization  has  economic  advantage  and  good  appli¬ 
cation  prospects. 
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